Background. There are limited data on the clinical impact of rapid diagnostic tests to detect multidrug-resistant tuberculosis (MDR-TB). We sought to determine whether the use of a molecular diagnostic test to detect MDR-TB improves clinical outcomes.
had MDR-TB [1] . In 2008, Georgia became one of the first lower-middle-income countries to achieve universal access to diagnosis and treatment of MDR-TB. However, the rate of favorable outcomes among the first MDR-TB cohort was low (54%), in part due to a large number of chronic tuberculosis cases [2] . In an effort to improve MDR-TB care, the Georgian National Tuberculosis Program validated and subsequently implemented the use of a molecular diagnostic test, the Genotype MTBDRplus line probe assay (LPA), in 2009-2010 [3] .
Globally, fewer than 25% of patients with MDR-TB have drug resistance detected [1] . In settings where drug resistance testing is available, culture-based drug-susceptibility testing (DST) remains the most commonly utilized method. Although culture-based DST is considered the gold standard, it requires up to 8 weeks for results. The delay in detecting drug resistance may postpone the administration of second-line drug (SLD) regimens used to treat MDR-TB and increase the likelihood of poor clinical outcomes and disease transmission. Two rapid molecular diagnostic tests have recently been developed and endorsed by WHO including a LPA (MTBDRplus) and the Xpert MTB/RIF assay [4, 5] . Both assays use detection of genetic mutations to detect rifampicin resistance (Xpert) or both rifampicin and isoniazid resistance (MTBDRplus). Several studies have demonstrated that the assays perform well in detecting Mycobacterium tuberculosis and associated drug resistance; especially among acid fast bacilli (AFB) smear-positive specimens [6, 7] . However, there are limited data on the clinical impact of these tests. A recent policy paper by the Infectious Diseases Society of America emphasizes the importance and relevance of measuring the clinical impact of new diagnostic tests [8] . Data on the clinical utility of new tuberculosis drug resistance detection tests is needed to inform National Tuberculosis Programs on how best to allocate limited resources and implement new testing algorithms. In this study, we sought to determine the impact of MTBDRplus implementation on clinical outcomes including time to MDR-TB treatment initiation, culture conversion, and infection control measures.
METHODS

Population
We conducted a quasi-experimental study [9] of patients with pulmonary MDR-TB treated at the National Center for Tuberculosis Lung Diseases (NCTLD) in Tbilisi, Georgia. All patients had sputum culture positive tuberculosis disease with MDR confirmed by conventional DST. Consecutive patients with MDR-TB initially detected with the Genotype MTBDRplus LPA, from June 2010 to October 2012 ( post-implementation group) were compared to consecutive patients that had MDR-TB detected by conventional culture and DST from March 2009 to May 2010 prior to implementation of the LPA ( pre-implementation group). Approval for this study was received from the Georgian NCTLD and Emory University Institutional Review Board.
Cultures and Drug-Susceptibility Testing
Direct sputum smears with Ziehl-Neelsen staining were examined by light microscopy and each patient had 1 AFB smear positive sample sent to the National Reference Laboratory (NRL) in Tbilisi for processing [3] . The processed specimen was inoculated onto both Löwenstein-Jensen (LJ) based solid medium and the BACTEC MGIT 960 broth culture system. Positive cultures by either method were confirmed to be M. tuberculosis complex (MTBC) using the MTBDRplus assay along with colony morphology [3] . DST for isoniazid (INH) and rifampicin (RIF) was performed using either the absolute concentration method on LJ medium (INH 0.2 µg/mL, RIF 40 µg/ mL) or in 7H9 broth with the BACTECT MGIT 960 system (INH 0.1 µg/mL, RIF 1 µg/mL) [3] . DST to SLDs was performed using the proportion method on LJ medium as previously described [10] . The NRL undergoes annual external quality assessment by the Antwerp WHO Supranational Tuberculosis Reference Laboratory and in 2012 there was 100% accuracy for all drugs tested including INH and RIF. As per standard of care, follow-up sputum cultures were performed monthly during the intensive phase of MDR-TB treatment (minimum 6 months).
Molecular Diagnostic Test
The MTBDRplus assay was performed directly on sputum samples and according to the manufacturer's instructions [11] . A portion of the same sputum specimen was used for both molecular testing and culture at the NRL. A 500 µL portion of decontaminated sample was used for DNA isolation, subsequent amplification, and hybridization [11] . Each test strip consists of 27 reaction zones (bands) including controls that were interpreted to determine test validity, MTBC identification, and resistance to INH and RIF. The LPA was performed 2-3 times per week with between 2 and 8 samples used per run.
Laboratory technicians filled out a MTBDRplus result data form and delivered them to the treating physician or department head for patients treated at the NCTLD (ambulatory department or hospital). For patients treated at other outpatient tuberculosis clinics, forms were delivered by a laboratory transport courier. After delivery, forms were included in the medical records.
Data Collection
Data were abstracted from the following sources: medical charts, patient treatment cards, the national tuberculosis database, and reference laboratory database. Information was collected pertaining to sociodemographic characteristics; tuberculosis history and current tuberculosis presentation; patient treatment follow-up; and laboratory results. As some study patients remained on treatment, final treatment outcomes were not collected for these analyses.
Definitions
The time to MDR-TB treatment initiation was defined as the time from initial sputum collection to start of SLD therapy. The time to culture conversion was defined as the time from sputum collection to the date of the first of 2 consecutive negative sputum cultures performed at least 1 month apart. An empiric treatment regimen (ETR) was defined as a SLD regimen that was initiated before receiving the results of DST while an individualized treatment regimen (ITR) was defined as a tailored drug regimen based on DST results. Initial MDR-TB treatment was defined as any drug received within 30 days of starting a SLD regimen. Treatment interruption was defined as a continuous interruption of SLDs for ≥1 week.
Treatment
The NCTLD drug resistance tuberculosis treatment committee provides initial guidance on choosing a SLD regimen for MDR-TB patients. An ETR was initiated before second-line DST results were available. After final DST results, treatment regimens were individualized based on the results and guided by WHO recommendations. When possible, regimens were designed to include at least 4 drugs to which the patient's M. tuberculosis isolate was susceptible. All treatment regimens included a fluoroquinolone, an injectable agent, and pyrazinamide. All patients received treatment through directly observed therapy (DOT). Upon initiating MDR-TB treatment, patients were recommended to receive initial care as an inpatient and were recommended to remain hospitalized until at least achieving smear and/or culture conversion. Drug-susceptible tuberculosis patients are hospitalized at their physician's discretion. Patients with unknown or pending DST results are generally admitted to a drugsusceptible ward while those with known MDR are cohorted to a separate drug-resistant ward.
Data Analysis
Data analyses were performed using SAS software, version 9.3. For descriptive statistics, differences in categorical variables were tested using either the χ 2 or Fisher exact test and for continuous variables a 2-sample t-test was used. A 2-sided P-value of <.05 was considered significant. A Cox proportional hazards model was used to estimate the adjusted association between cohorts in the pre-and post-implementation phases and the rate of culture conversion. Patients without culture conversion at 24 weeks were censored at this time point. Cox model building and covariate selection was based on the purposeful selection of patient level factors as previously described [12] .
RESULTS
Patient Characteristics
In total, 152 AFB sputum smear positive patients with MDR-TB were included in the study, including 72 pre-and 80 postimplementation of the LPA (Figure 1 ). The mean age was 38 years, and most patients were male (73%; Table 1 ). Most patients were unemployed (86%), and 28% had a history of imprisonment. In regards to comorbidities, 13% of patients had diabetes mellitus, 13% had hepatitis C virus (HCV) infection, and 3% were coinfected with HIV. Almost half (45%) of all patients had a prior history of tuberculosis, including 9% who had been previously treated for MDR-TB. One fifth of patients had cavitary disease, and the mean number of anti-TB drugs that were resistant by DST was 5.5. Nearly all patients received the following SLDs as part of their initial MDR-TB treatment regimen: pyrazinamide, prothionamide, levofloxacin, cycloserine, and para-aminosalicylic acid (Table 1) . Additionally, the majority of patients initially received kanamycin (61%).
There were a few significant differences in characteristics between patients in the pre-and post-implementation groups (Table 1) . Patients in the post-implementation group had higher rates of coinfection with HCV (20% vs 6%, P < .01) and were more likely to receive initial treatment as an inpatient (43% vs 22%, P < .01) vs patients in the pre-implementation group. Those in the post-implementation group had higher rates of receiving MDR-TB treatment in the past (15% vs 3%, P = .02) and were resistant to more drugs by DST (5.7 vs 5.3, P = .03) as compared to the pre-implementation group. In regards to initial MDR-TB treatment, patients in the post-implementation group were more likely to have received kanamycin (75% vs 44%, P < .01), whereas those in the pre-implementation group were more likely to have received capreomycin (65% vs 25%, P < .01). 
Treatment
Overall, 88% of patients received a first-line drug regimen for some period of time with more patients in the pre-vs postimplementation group having received first-line drugs (99% vs 78%, P < .01; Table 2 ). Of those patients receiving first-line anti-tuberculosis drugs, the average days on treatment was 11.2 days in the post-implementation group compared to 74.5 days in the pre-implementation group (P < .01). Compared to the post-implementation group, patients in the pre-implementation group had a longer delay in starting a SLD regimen (83.9 vs 18.2 days, P < .01).
Infection Control Measures
All 152 patients were eventually hospitalized for MDR-TB treatment and placed on a drug-resistant tuberculosis ward. However, 39 of 152 (26%) patients were hospitalized before their drug-resistant status was known and placed on a drugsusceptible ward, with no differences between the 2 groups ( Table 2) . Among these 39 patients with MDR-TB, those in the pre-implementation group spent more time on a drugsusceptible ward (58.3 vs 10.0 days, P < .01) and tended to have longer overall hospital stays (207.5 vs 149.1 days, P = .20) vs patients in the post-implementation group. A total of 102 AFB sputum smear positive MDR-TB patients initiated firstline drug treatment as an outpatient before their drug-resistant status was known. Of these 102 patients, the mean days until hospitalization and initiation of SLD treatment was 54.8 days: 17.7 days in the post-implementation group compared to 85.3 days in the pre-implementation group (P < .01).
Sputum Conversion
A total of 119 patients had at least 24 weeks of follow-up time and were included in the analysis of conversion rates. Of the 33 patients with <24 weeks of follow-up, the main reason for exclusion was treatment default (n = 27) followed by death (n = 6). Among the 119 patients who could be evaluated for conversion, a total of 82% and 73% achieved sputum smear and culture conversion by 6 months, respectively (Table 3) . Patients in the postimplementation group were significantly more likely to have culture conversion by 24 weeks compared to those in the preimplementation group (86% vs 63%, P = .01) and had higher but nonsignificant rates of smear conversion at 24 weeks (90% vs 77%, P = .05). (Table 4) . A cumulative conversion graph shows the decreased time to culture conversion among patients in the postimplementation vs pre-implementation group (Figure 2 ).
DISCUSSION
We found the implementation of a rapid molecular diagnostic test, the Genotype MTBDRplus, into routine clinical practice had a significant impact on improving the clinical care among patients with MDR-TB patients in Georgia, a country with high rates of drug-resistant tuberculosis. Following implementation of the LPA there was a >75% reduction in time to initiation of SLD regimens (83.9-18.2 days) and correspondingly an increased rate of culture conversion during the first 24 weeks after initial sputum collection. Additionally, in a setting where tuberculosis patients are frequently hospitalized during the initiation of therapy, we found the implementation of the LPA led to improved infection control practices. After LPA implementation, there were significantly less days that patients with MDR-TB were hospitalized on drug-susceptible tuberculosis wards. This rapid separation of patients with drug-susceptible and drug-resistant tuberculosis has the potential to decrease nosocomial transmission of MDR-TB; previous reports have noted nosocomial transmission of MDR-TB to those with drug susceptible tuberculosis [13] . The impact of the MTBDRplus assay on time to treatment initiation with second-line drugs for MDR-TB, culture conversion, and patient cohorting highlights how use of this rapid molecular test improved patient care and safety.
There is very limited data on the impact of rapid molecular diagnostic tests on clinical outcomes. There are only 2 prior published studies that reported measures of clinical impact using a LPA for detecting MDR-TB [14, 15] . Both studies took place in South Africa and evaluated the time to initiation of MDR-TB treatment. Jacobson et al [15] reported that time to MDR-TB treatment decreased from 80 to 55 days after MTBDRplus implementation, whereas Hanrahan et al [14] reported a similar decrease from 78 to 62 days. They both cite clinical and laboratory operational issues for delaying the delivery and use of LPA results. Our study reports a much more robust clinical impact of a LPA for detection of MDR-TB. In our study, the laboratory communicated the results of the LPA to physicians in a timely manner, and this led to a marked and clinically significant reduction in time to initiation of SLDs for the treatment of MDR-TB (83.9-18.2 days). A standard method to provide test results to physicians in a timely manner likely facilitated the quick use of LPA results for drug resistance and highlights the importance of developing an implementation policy to maximize the benefits of rapid diagnostics.
After controlling for confounders, we found a >4-fold increased rate of achieving culture conversion in a cohort of patients following implementation of a LPA. Previous studies have not evaluated time to culture conversion. While Hanrahan et al [14] reported an increased proportion of patients had converted their sputum cultures to negative by 8 months, they did not evaluate time to culture conversion. The significant decrease in time to culture conversion shown in our study was likely due in large part to the earlier initiation of SLD regimens. Additionally, the association of phenotypic ofloxacin resistance with delayed culture conversion has been shown elsewhere and demonstrates the importance of fluoroquinolones in MDR-TB treatment [16, 17] . Earlier culture conversion is an important finding as it has been shown to increase the likelihood of a favorable outcome [2] and also decreases the time when a patient is infectious and can spread drug-resistant tuberculosis to close contacts. Additional benefits of starting appropriate MDR-TB treatment earlier include reducing costs and potential adverse effects of unnecessary first-line drugs as well as minimizing further drug resistance. Prevention of nosocomial transmission of tuberculosis has been a long neglected area in tuberculosis control efforts in low-and middle-income countries [18] . Given the delay in tuberculosis diagnosis and subsequent detection of drug resistance, hospitalized patients with MDR-TB may transmit M. tuberculosis to highly susceptible patients without tuberculosis or to patients with drug-susceptible tuberculosis [19] . This problem has been highlighted by the outbreak of XDR-TB among HIV-infected patients in Tugela Ferry, South Africa, where transmission was predominantly due to nosocomial transmission [20] . Our results show that the use of a rapid molecular diagnostic test to detect MDR-TB can greatly improve the proper cohorting of patients and significantly reduce the time patients with MDR-TB spend on a ward with patients with drug-susceptible tuberculosis. Additionally, we also found that use of a rapid test for MDR-TB detection decreased the time patients were out in the community receiving inadequate first-line drug treatment and at risk for transmitting drug-resistant tuberculosis. This is important as household contacts of MDR-TB patients have been found to be at high risk of acquiring tuberculosis infection and disease [21] .
A limitation of our study was the use of a quasi-experimental design. Although there could be biases from using a historical cohort, we feel it was limited due to the following: no changes in Georgia's MDR treatment protocols, NCTLD drug resistance committee, or MDR-TB doctors throughout the study period. The only appreciable clinical practice difference revealed by our data was the increased use of kanamycin vs capreomycin during the post-implementation period, which did not affect culture conversion in our survival analyses. Additionally, patients in the post-implementation group had higher rates of coinfection with hepatitis C virus, prior tuberculosis treatment, and treatment interruption, which are risk factors for worse outcomes.
In summary, in a setting with high rates of MDR-TB, implementation of a rapid molecular diagnostic test for detection drug-resistant tuberculosis into routine clinical care significantly decreased the time to initiation of MDR-TB treatment, to culture conversion, and improved timely cohorting of patients with MDR-TB. These findings are some of the first to demonstrate improved clinical outcomes following implementation of a rapid molecular diagnostic test to detect drugresistant tuberculosis. Other National Tuberculosis Programs in low-and middle-income countries, especially those with high rates of drug-resistant tuberculosis, should explore implementation of such a test in order to improve patient care and enhance tuberculosis infection control efforts.
